Abstract: A novel optical frequency comb generator (OFCG) based on a dual-polarization IQ modulator shared by two polarization-orthogonal recirculating frequency shifting (RFS) loops has been proposed. The states of polarization of two optical subcombs output from the respective loops are kept orthogonal in the proposed scheme. More than 80 carriers, whose carrier-to-noise ratio (CNR) can be further improved with better conditions, have been demonstrated experimentally. Meanwhile, the number and frequency spacing of the carriers of both the two optical subcombs can be easily tuned due to the unique feature of flexible controls, which is different from the previous dual-RFS-loop-based OFCG in which the carrier frequency spacing must be kept fixed. Based on the theoretical and experimental results, the proposed scheme has the advantages of good feasibility, tunability, and flexibility, which can find the potential applications in various fields.
Introduction
Optical frequency comb generator (OFCG) is a kind of vital devices due to its significant advantages of frequency-locked and phase-coherent multiple optical subcarriers. Thus, OFC has been used in various application scenarios, ranging from comb-calibrated tunable lasers [1] , astronomical spectrograph calibration [2] , arbitrary optical/RF waveforms [3] , random event detection [4] , to ultra-large capacity optical communications [5] etc. In the optical communications, OFC is used as a multicarrier optical source which simplifies the system architecture of the conventional wavelength division multiplexing (WDM) systems consisting of hundreds of individual lasers. At the same time, the OFC-based superchannel transmission system has been demonstrated to achieve terabitscale transmission capacity [6] , [7] . More recently, the OFC-based superchannel has been also implemented to show the significant potential to mitigate the impact of the fiber Kerr-nonlinearity and then improve the system performance [8] . So, the OFCG is designed to meet the different demands. Recently, how to realize the OFCG with good output quality becomes a hot topic. In general, there are many kinds of methods to implement the OFCG, such as the fiber-nonlinearity (FN)-based [9] , the integrated micro-resonator (MR)-based [10] , [11] and the conventional electrooptical-modulation (EOM)-based [12] - [14] , and so on. Even though the former two kinds of methods can generate a huge number of carriers, the other properties, such as the stability, tunability and flatness, are relatively poor when compared with the conventional EOM-based methods. The advantage of the EOM-based method is the flexibility of tuning the frequency spacing of the subcarriers which is crucial for the next-generation elastic optical networks with flexible grids [15] . However, they cannot generate a large number of carriers only by the method based on the single or cascaded EOMs [16] . To increase the number of generated carriers, the recirculating frequency shifting (RFS) based OFCG have been demonstrated recently, including the single-side band (SSB) modulator-based RFS and multiple-side band (MSB) modulator-based RFS with single-or doubleloop configurations [17] - [22] . Besides, we have also proposed a scheme to generate many optical carriers based on a complementary frequency shifter (CFS) which can improve the system performance in previous works [23] , [24] . However, only the theoretical analysis has been studied due to the unavailability of the commercial CFS. Meanwhile, it is impossible to tune the frequency spacing of the sub-combs of the dual-loop to be different, which may limit the potential for other applications.
In this paper, we propose a novel OFCG based on an optical dual-polarization in-phase/ quadrature modulator (DPIQM) shared by two polarization-orthogonalized recirculating frequency shifting loops. The distinguishing features of this proposed OFCG are the flexible tunability of the carrier frequency spacing of both the generated sub-combs from individual loops and the polarization orthogonality of the two combs. To the best of our knowledge, this is the first report that the output sub-combs of the OFCG can be kept orthogonal directly. And the carrier frequency shifting direction and frequency spacing of the two sub-combs can also be easily tuned simultaneously, which results in the better flexibility when compared with other methods. These features are different from our previously proposed OFCG schemes based on one shared modulator [23] , [24] . Besides, the system cost would be also decreased as the two loops share the same seed laser and modulator at the same time in our proposed scheme. Furthermore, only one auto-bias control unit is required, which simplifies the implementation of the OFCG and improves the system stability affected by the temperature fluctuation and so on. We experimentally demonstrated the generation of more than 80 optical carriers with tunable frequency spacing. By polarization control, the independent generation of optical sub-combs in the respective loops can be easily implemented. The experimental results are in accordance with the theoretical analysis. Thus, this demonstration obviously shows that the proposed OFCG has a great potential in various applications. Fig. 1(a) shows the configuration of the proposed DPIQM-based OFCG. It consists of a seed laser, a DPIQM, a polarization-maintained optical coupler (PMOC), one pair of PM polarization beam splitter/ combiner (PMPBS/PMPBC), and two polarization-orthogonal loops (Loop_X and Loop_Y, corresponding to x polarization and y polarization) with PM optical amplifiers (PMOAs) and PM optical bandpass filters (PMOBFs). The DPIQM is modulated by the radio frequency (RF) signals and its operation point is controlled by the modulator bias controller (MBC). And the PMOBFs inside the RFS loops are used to block any undesired frequency components, which is corresponding to the control of carrier number, and decrease of the amplified spontaneous emission (ASE) noise induced by the optical amplifiers to improve the output carrier to noise ratio (CNR). When the desired model is used, this configuration of OFCG can be treated as two individual ones without crosstalk. In Fig. 1(a) , M and N carriers generated in Loop_X and Loop_Y respectively, are illustrated and
Concept and Principle
where f 0 is the center frequency of seed laser. We first analyze the performance of the key component of DPIQM. Under the ideal case, the DPIQM should have the desired configuration shown in Fig. 1(b) , i). But, the practical configuration for the experimental used DPIQM is shown in Fig. 1(b) , ii). For the desired DPIQM, the PBS is used and then the inputs of the IQMs in the two polarization arms (x and y) are kept orthogonal. However, for the used DPIQM, the power splitter (PS) is applied and thus the input light fields of the IQMs in the two arms (x and y) are kept identical. Then polarization rotator (PR) is used in the y-branch to make the two light fields be orthogonalized. Thus, the input signal vectors should be 2 × 1 and 4 × 1 respectively to evaluate the transfer functions (TFs) of the desired DPIQM (T d ) and the used DPIQM (T u ). Subsequently, the TFs of modulator and polarization rotator as well as polarization beam combiner used in T u have extended to 4 × 4 and 2 × 4 matrices accordingly to clearly describe the effects induced by these optical devices on x and y polarization components of the upper and lower branches.
Then T d and T u under the proper control of MBC can be shown in (1) respectively, where T x and T y stand for the TFs of the IQMs in the two branches, and the terms in the box of the matrices for the respective TF parts of optical devices imposed on the lower branch of the used DPIQM. ω x and ω y are the angular frequencies of the drive RF signals in two branches, and δ x,y = πV ppx,y /2V π is the modulation depth of the IQM in which the V pp and V π represent the amplitude of the RF signals and half-wave voltage of the IQMs. In fact, the output fields of E d out and E u out will keep the same if the respective input signal vectors are substituted. Thus, the outputs of the two kinds of DPIQMs can be expressed simply as follows,
Note that the inputs of the two IQMs of the used DPIQM are kept the same due to the slow-axis alignment operation property of power splitter. The input light fields can be orthogonalized by the polarization rotator, which results in the same output as the desired one after open-ring modulation. For the second round-trip, the outputs of the two models can be expressed as follows,
Compared with E d o2 and E u o2 , we can find that there will be some undesired components originated from the other polarization branch due to the same input of the two IQMs of the used DPIQM. But, it is fortunate that the optical bandpass filter used in respective recirculating loop will filter out these undesired components. This result brings the feature of independently recirculating frequency shifting process in the respective two loops and is in good coincidence with our previous analysis [23] , [24] . Meanwhile, the frequency shifting process can be easily tuned to the desired frequency shifting direction by the MBC module. Assuming the frequency shift relative to the seed laser is opposite for the two loops, namely, frequency blue shifting in one loop (blue arrow) and red shifting in the other loop (red arrow) as illustrated in Fig. 1(a) , the normalized transfer function of the proposed OFCG can be shown in the follows,
where the third-order crosstalk coefficient b x,y = −J 3 (δ x,y )/ J 1 (δ x,y ) with J 1,3 (·) the first kind oddorder Bessel functions. According to the transfer function of proposed OFCG, there are three typical operation modes due the unique feature of fully-independent control of the frequency spacing, i.e., (i) common anti-directional mode, the frequency spacing of generated optical carriers for the OFCG remains the same. (ii) co-directional frequency shifting mode, the frequency spacing of generated optical carriers for the OFCG will be different for the respective loop. (iii) anti-directional frequency shifting mode, the frequency spacing of generated optical carriers for the OFCG can be set to be arbitrary and different for the two loops. After some mathematical derivation, the final stable output of the proposed OFCG with neglecting the seed laser can be obtained as follows,
cr osstalk comp onents i n loop X E i n (t) RT represent the phase-delay induced by Loop_X and Loop_Y per round-trip respectively, which can be considered as a variable within the range of [0, 2π]. And the different power order of j is induced by the π/2 phase shift of the PMOC which has no influence on the intensity of the comb output. Meanwhile, C m and C n are the normalized coefficients of crosstalk components to the desired signal components at their corresponding frequencies shown as follows [23] ,
where (k, K ) = (m, M ) or (n, N ).
Experiment Results and Discussions
Based on the principle of proposed DPIQM-based OFCG shown in Fig. 1(a) , we do the corresponding experimental demonstration with the schematic diagram and practical setup shown in Fig. 2 (a) and (b) respectively. In Fig. 2(a) , there are some differences when compared with the ideal ones shown in Fig. 1(a) . Firstly, three PCs are placed inside the two recirculating frequency shifting loops to adjust the state of the polarization (SOP) of the optical signals due to practical non-polarization-maintained devices and components. Secondly, only one optical filter (OBF, WSS) is used in the virtue of the WSS can be set to operate at the multi-bandpass-filter mode which further reduced the complexity of the proposed OFCG. Thirdly, there is a portion of output signal after DPIQM coupled to the MBC module to obtain the coarse DC bias value firstly under the auto control mode. We then do the performance test of the DPIQM (Fujitsu, FTM7977HQA) used in the experiment with the modulator bias controller (MBC) module (PlugTech, MBC-DPIQ-01) [25] which is used to control the DPIQM to operate at the desired point. For the DPIQM used in our system, the maximal optical insertion loss (for each polarization) within C band is 13 dB which is higher than that of single polarization IQM (<8 dB usually, Fujitsu FTM7961EX), and the maximal polarization dependent loss |Loss(X)-Loss(Y)| within C band is 1.5 dB. The basic principle of the MBC is that it locks DPIQM at desired working point by injecting a low frequency and low amplitude pilot tone signal and measuring the output pilot tone signal at modulator output. This MBC module has two operation modes of automatic and manual. Under the automatic mode of MBC, the DPIQM can obtain a desired single-side-band frequency shift for the two orthogonal outputs x and y from the seed carrier of frequency F 0 (namely, λ 0 = 1549.984 nm). The frequency of the SSB signals F ±1 = f 0 ± f s , and that of the drive RF drive signal f s = f x = f y = 12.5 GHz corresponding to carrier wavelength spacing of 0.1 nm when the carrier wavelength is around 1550 nm. As shown in Fig. 3(a) and (b), the maximum undesired sideband suppression ratio (USSR) of f +1 is 18 dB, and that of f −1 24 dB. To further optimize the undesired sideband suppression ratio, we can manually adjust the DC bias of the DPIQM finely based on the MBC module. After that, we can find that the overall USSR can be achieved as larger than 35 dB as shown in Fig. 3(c) and (d) respectively. Thus, with the use of MBC module, we can obtain the optimal DC bias voltages to realize SSB modulation with high USSR and then perform the desired SSB frequency shifting process of OFCG. Based on the experimental setup shown in Fig. 2(a) , we first do the implementation of the DPIQM-based dual-loop OFCG driven by two RFs with the same frequency for dual-direction shifting process in the two polarization-orthogonal loops. Now, the laser center wavelength is about 1549 nm and the frequencies of the two RFs are kept the same as 12.5 GHz. Here, two Erbium-doped fiber amplifiers (EDFAs) with different output power and noise figure (NF) used as the optical amplifiers (OAs), and one OBF (Finisar WaveShaper 4000 S) is used in the two loops. The used optical amplifiers are high power Er/Yb-doped fiber amplifier (Golight/EYDFA, output power 33 dBm) and EDFA (Amonics/AEDFA, output power 30 dBm) and both the nosie figures (NFs) are ∼6 dB. For the used OBF, its tunable center wavelength ranges from 1527.4 to 1567.5 nm, tunable bandwidth from 10 GHz to 5THz with arbitrary filter shape, and the polarization dependent loss (PDL) 0.7 dB. Due to the used OAs and OBFs are not polarization-maintained devices, we placed two extra PCs to adjust the SOPs of the signals in the respective loops. Meanwhile, the bandwidth of the OBF are set to be the same as 4 nm apart from the seed laser. Fig. 4 shows the experiment result of 80-carrier output which covers a bandwidth of 8 nm within the C-band. As can be seen that the carrier to noise ratio is roughly larger than 16 dB for combs generated in Loop_X and 11 dB for that generated in Loop_Y. This CNR is relatively low mainly due to the large noise figure (NF) of the used OAs in the recirculating loops. But this result validates that our proposed scheme can generate many optical carriers with the dual-loop configuration.
The frequency spacing of the sub-carrier is decided by the frequency of the drive RF signal, which results in the tunability and flexibility of the OFCG for the individual loops. We then demonstrate the DPIQM-based dual-loop OFCG with different drive RF frequencies. The center frequency of seed laser is around 1550 nm, and the frequency spacing of f x and f y in the loops are 13.5 GHz and 12.5 GHz respectively. As shown in Fig. 5 , 37 carriers in Loop_X and 46 carriers in Loop_Y have been achieved with the CNR roughly larger than 12 dB and 11 dB respectively. Similarly, the bandwidths of the OBFs are 4.6 nm and 4 nm respectively. This result has a good agreement with the theoretical analysis.
To further verify the individual operation of the polarization loops, we respectively built the single loop for polarization x and y with the experimental results shown in Fig. 6(a) and (b) . The respective loops also worked well with the expected carrier frequency spacing f x = 12.5 GHz and f y = 10 GHz, respectively. Next, we built the two polarization loops with the same f x and f y for a simple demonstration. Next, we adjust the PC in one of the two loops, to demonstrate the polarization orthogonal property of the proposed OFCG. When the polarization of optical signals in Loop_Y is perpendicular to the slow axis of power splitter of DPIQM, and that of Loop_X aligned to it, carriers can only be output from Loop_X, as shown in Fig. 6(c) . Otherwise, carriers only output from Loop_Y as shown in Fig. 6(d) . All the insets in Fig. 6 show the detailed individual parts with a 2 nm range (dashed-box).
These results obviously reveal that the proposed OFCG has the obvious advantages of generating a large number of carriers, easy controlling of the carrier frequency spacing and frequency shifting direction. The CNR of the output carriers is not very good, which is mainly caused by the limitation of RF signals and the poor performance of the used optical amplifier etc. Regarding the limitation of the RF signals here, it mainly refers to that the insufficient modulation with small RF peak-to-peak voltage will lead to the weak SSB optical signal at the DPIQM's output, either due to the lack of electrical RF amplifier or nonlinear modulation property of the DPIQM. Then, to improve the power of the weak SSB optical signal in the loop, the EDFA with larger gain is required while the larger ASE noise would be also induced. In addition, the high insertion loss of the used DPIQM is around 13 dB which is higher than that of single polarization IQM. So, these impact factors contributed to the low CNR of generated carriers. Meanwhile, the flatness of generated carriers can be significantly influenced by the variation of the polarization in the loops due to the non-polarization-maintained configuration in addition to the above-mentioned impact factors. However, these properties can be further improved by utilizing the devices, components with better performances [17] . Although the double-loop configuration is used in the proposed method, it has no influence on the frequency spacing of the output comb [20] . But, the stability would be slightly affected as we analyzed before [26] while it can also be further improved by applying the all-polarization-maintaining devices and equipment as we depicted in Fig. 1(a) . Consequently, since the novel configuration with obvious difference compared with the conventional configuration, the proposed OFCG can firstly be used as multiwavelength source in the optical communications [27] . In addition, this comb can be also used in (i) optical performance characterization and optical sensors, in which the broadband and simultaneous measurement of polarization-sensitive devices or components can be realized, and (ii) microwave photonics application, where novel microwave photonics filter as an example can be achieved due to the flexible time-delay for different carriers. Regarding the desired ideal DPIQM, it can be realized based on the newly published work in which the polarization-independent intensity modulator with high polarization extinction ratios has been demonstrated [28] . In short, these positive factors could be helpful to promote the potential applications of the proposed polarizationorthogonal OFCG in various fields.
Conclusion
In conclusion, we propose a novel scheme of optical frequency comb generator to generate larger number optical carriers based on a dual-polarization IQ modulators (DPIQM) with dual-loop configuration. The theoretical analysis and experimental demonstration have been implemented. Under the different operational control, we can achieve the optical frequency comb output with tunable carrier number and frequency spacing for the two polarization loops. Meanwhile, we can also apply the polarization control to achieve the on-off carrier generation of different loops. The experimental results show that our proposed DPIQM-based OFCG has the advantages of feasibility, tunability and flexibility. These features enable the proposed OFCG to have some potential applications in various fields including next-generation large-capacity optical communication and elastic optical networks, micro-wave photonics, polarization-sensitive sensing and so on.
